TIs and affect the magneto-transport properties.
In order to tune only the magnetic properties of TIs, trivalent rare-earth metals are suitable candidates. In our previous report on Gd-substituted Bi 2 Te 3 , Gd x Bi 2-x Te 3 , non-trivial topological features were observed near the magnetic phase transition at x c = 0.09 from paramagnetic (PM) to antiferromagnetic (AFM) phase [17] . The experimental observations near x c are high electrical resistivity, large linear magnetoresistance, and highly anisotropic Shubnikov-de Haas (SdH) oscillations with two-dimensional (2D) TSS origin. On the other hand, the samples of x > x c show AFM ordering and normal metallic behavior without TSS features. Such absence of TSS properties may come from magnetic order or impurity scattering, which is not clear yet. Most of previous works focus on the gap opening of surface band by doping magnetic impurities into TIs. One meaningful question is whether the TSS nature once destroyed by the magnetic impurities can be restored by controlling the lattice disorder and magnetic coupling strength.
Here we demonstrate that the restoration of TSS in Gd 0.15 Bi 1.85 Te 3 is achieved by ultrahigh vacuum annealing. We investigate the magnetization, magneto-transport, band structure, and surface morphology before and after vacuum annealing, in combination of theoretical calculation. We find that Gd atoms migrate to top surface after vacuum annealing and leave Bi atoms on the top layer. The rearrangement of magnetic Gd atoms provokes a magnetic transition from AFM to PM phase, and the topological 2D transport features such as large linear magnetoresistance, SdH oscillations with 1/2 offset, and multiband Hall behavior are observed. These results are consistent with angle-resolved photoemission spectroscopy (ARPES) measurements, which show gap closing after annealing. The combination of scanning tunneling microscopy (STM) experiments and density functional theory (DFT) calculations reveal the microscopic picture of atomic rearrangements. By engineering the defect sites via vacuum annealing, we could achieve the tuning of the Fermi level and thereby the restoration of TSS in TIs.
Results and discussion

Atomic migration after vacuum annealing.
We have first examined the chemical state of elements of Gd x Bi 1-x Te 3 samples by near edge x-ray absorption fine structure (NEXAFS) and x-ray photoelectron spectroscopy (XPS) measurements, which especially give information about chemical bonding state on the surface. The spectra were taken for as-grown samples (called "as-grown") and in-situ annealed samples in an ultra-high vacuum (called "annealed"). Figure 1a shows Gd N-edge NEXAFS spectra of Gd x Bi 1-x Te 3 (x = 0.06, 0.09, 0.15, and 0.20) samples. The sharp peak at 144.8 eV is assigned to the 4d-4f transition of Gd [18] . The spectral intensity of this Gd peak increases with increasing the Gd concentration, x, and it is enormously enhanced for all the samples after annealing. In the inset of Fig. 1a , a typical intensity enhancement after annealing is clearly shown in a magnified scale. This observation implies that the Gd atoms are more populated at the surface after the vacuum annealing, possibly due to migration from the bulk. Similarly, the chemical state of Bi element is determined from the XPS spectra. Figures   1b and 1c display the Bi 4f core-level XPS spectra for x = 0.15 before and after annealing. The Bi 4f spectra show a simple spin-orbit doublet structure. The two main peaks around 157.0 and 162.3 eV correspond to the binding energy of Bi 4f 7/2 and Bi 4f 5/2 , respectively. Each core-level spectrum was fitted with two components using a least-squares fitting and mixed Gaussian-Lorentzian functions. An additional asymmetry parameter was used for metallic components in higher binding energy side [19, 20] . In Fig. 1b 
Changes of physical properties after vacuum annealing.
We examined the effect of annealing on the magnetic and magneto-transport properties such as the magnetic susceptibility , the magnetization M, the magnetoresistance MR, and the Hall resistivity  xy .
According to our previous studies on Gd x Bi 1-x Te 3 in ref. [17] , there is a magnetic transition from PM to AFM at the critical Gd composition of x c = 0.09. Among them, we chose an AFM crystal of x = 0.15 above x c because the Gd atoms are more probable to relocate by annealing in Gd-richer samples and thereby the AFM phase can be changed. As seen in Fig. 2a , the (T) curve of as-grown sample shows an AFM feature with the Néel temperature, T N = 11.5 K, which well agrees with the previous data [17] . Interestingly, this AFM fingerprint disappears in two annealed samples; one is the annealed sample and the other is the sample left after the removal of the surface part by cleaving the annealed sample (called "c-annealed"). There is no significant difference of (T) behavior between annealed and c-annealed samples except the magnitude. The magnitude for the c-annealed sample is lower than that for the annealed sample. Reminding that more Gd atoms are present on the surface after annealing, this result is due to the reduction of magnetic moments as a result of removal of the Gdrich surface part. Since the magnetic measurement is a bulk property, we can evaluate the physical parameters with the bulk origin. From the Curie-Weiss fit in the annealed samples, we obtain the Weiss temperature of  p = -0.67 K, which is almost identical value ( p = -0.38 K) for the critical composition of x c = 0.09 in ref. [17] . Another fitted parameter of effective magnetic moment gives an important information on the Gd concentration. The c-annealed sample shows the magnetic moment similar to that of the as-grown sample with x = 0.10 ( x c ). In a similar way, the M(H) data can be understood. The M(H) curve in Fig. 2b tends to increase before annealing, while it tends to saturate after annealing. Our previous M(H) data revealed the diverging signal for AFM (x > x c ) and the saturating behavior for PM (x  x c ). The sample with x = 0.15 (> x c ) seems to turn into a sample with x = 0.10 ( x c ) after annealing. Thus, we expect the non-trivial topological features after annealing, as observed at x c in the previous work [17] , so that we check this scenario by measuring the magnetotransport properties.
The magnetoresistance (MR) ratio as a function of applied magnetic field is plotted in Fig. 2c . The MR value at 7 T is 360% for as-grown sample, and after annealing it enormously increases up to around 1400%, close to the MR value for the critical composition x c . Such large and linear MR behavior is considered as a signature of the 2D properties of TSS electrons. This tendency well agrees with the magnetic data shown in Figs. 2a and 2b. The Gd concentration is reduced from x = 0.15 (that is AFM mainly having bulk properties) to x = 0.10 (that is PM exhibiting 2D properties of TSS) by annealing. Another evidence on the existence of TSS after annealing can be found in the Hall measurements. In Fig. 2d , the Hall curve measured with the c-annealed sample shows a weak modulated signal at low fields, so-called bent Hall effect, which occurs via two parallel conducting channels of bulk and surface carriers [21] [22] [23] [24] . This result is in contrast with the linear behavior of the as-grown sample. Further evidence of the TSS electrons can be found in quantum oscillations. This measurement gives critical insight in the information of Fermi surface. For the c-annealed sample, the MR curve in Fig. 2c shows SdH oscillations at high magnetic fields. Since the resistivity tensor is an inverse of the conductivity tensor, we took the conductivity,  xx =  xx / ( xx 2 +  xy 2 ) with respect to magnetic field and plotted it against the inverse of magnetic field. After subtracting background signals with polynomial form, the lower inset of Fig. 2d clearly shows SdH oscillation above 0.15 T -1 .
By identifying the minima to integer n and the maxima to n + 1/2, we constructed the Landau level Restoration of TSS band structure in annealed sample.
The main conclusion in this study is that the TSS can be restored simply by vacuum annealing. In order to directly examine how the TSS is evolved after annealing, we performed the ARPES experiments. In the as-grown sample, we observe a gap opening at the Dirac point with the gap size of 
Microscopic understanding of annealing effect by STM measurements and DFT calculations.
To understand the Gd out-diffusion and the restoration of TSS at the atomic scale, we performed STM measurements and DFT calculations. Figure 3a is a typical empty-state STM images of the (111) cleavage surface of as-grown samples, where Te atoms on the top are imaged as bright protrusions.
Native defects, observed in pristine Bi 2 Te 3 sample, like Te Bi -type antisites and Bi vacancies are commonly observed in all Gd-containing samples (A, B, and C defects in Supplementary Fig. 4 ).
Upon Gd substitution, the density of the native defects is significantly reduced and two new Gd- [25] . Gd adatoms on the surface is unlikely to exist because the formation energy ranging from 4.84-7.30 eV is much larger than those of substitutional Gd defects.
In order to identify the Gd-related defects (, , and ), we simulated STM images for all possible defect types. In the enlarged STM images of Fig. 3e [28] , and were attributed to the impurity elements substituted for Bi1 sites. In Fig. 3g , the  defects appear as a bright protrusion on the top Te sites in both filled-and empty-state images, and are identified to be Bi In short, the Gd-related defects, , , and  are identified to be the Gd Bi2 -Bi I pair, the substitutional Gd Bi1 , and the Bi Te1 antisite, respectively. The appearance of  and  defects in the as-grown sample is due to the relatively low formation energy of substitutional Gd Bi . After annealing, the disappearance of Gd Bi2 -Bi I , the increase of Gd Bi1 , and the appearance of Bi Te1 can be schematically speculated, as depicted in Fig. 4 samples without any impurity and secondary phases (see Supplementary Fig. 1 ).
XPS and ARPES measurements.
The samples (Gd x Bi 2-x Te 3 ) were loaded and in -situ cleaved in an ultra-high vacuum (UHV, base pressure: 1x10 -10 Torr) for XPS, NEXAFS and ARPES measurements.
The in-situ annealing (250 C for 2 h), and characterization of the samples by XPS and NEXAFS spectra (4D beamline) and ARPES (4A1 beamline) were performed at Pohang Accelerator Laboratory (PAL). The in-situ ARPES measurements were carried out at 20 K by using a Scienta SES2002 electron energy analyzer. XPS and Total Electron Yield (TEY) NEXAFS spectra were recorded at 45
angle of x-ray incidence at sample surface. The acquired spectra were normalized to the incident photon flux and calibrated using Au 4f and C 1s core level peaks. The Shirley-Sherwood method was used for subtraction of the secondary electron background.
STM measurements. The scanning tunneling microscopy (STM) measurements were carried out at 300 K in an ultrahigh vacuum with a base pressure of 2  10 -10 Torr, using a home-built STM with commercial RHK R9 controller. The STM images were acquired in the constant-current mode using electrochemically etched polycrystalline W tips. All samples were cleaved in an ultrahigh vacuum by using scotch tape.
Calculations. The first-principles calculations were performed by using a plane-wave basis, projector augmented wave potentials [32] as implemented in Vienna ab initio simulation package (VASP) [33] . The kinetic energy cutoff for the plane waves was 300 eV. The exchange-correlation interaction of electron was treated by the Perdew-Burke-Ernzerhof implementation of the generalized gradient approximation [34] in conjunction with the on-site Coulomb repulsion (U = 7 eV) for Gd forbital [35] . To describe long-ranged vdW interaction, DFT-D3 was applied [36] . We employed repeated slab geometry including 20Å-thick vacuum. Monkhorst-pack mesh of k-points (2×2×1) was used for sampling the two-dimensional Brillouin Zone [37] . For the energetics, spin-polarized calculation was carried out using a 4×4 surface supercell containing 3QL slab. The atomic positions were relaxed until Hellmann-Feynman forces are smaller than 0.01 eV/Å -1 . For the STM image simulations and core-level shift calculations [38] , a 6×6 surface supercell with 1QL is used and the spin-orbit coupling is explicitly treated [39] . (For the configurations with interstitial defects, a 2QL slab was employed.) The constant-current STM images were simulated within Tersoff-Hamann approximation [40, 41] .
Magnetic and electrical properties measurements. The magnetic and transport properties were measured in a temperature range of 2 K to 300 K with the superconducting quantum interference device-vibrating sample magnetometer (SQUID-VSM) up to 7 T. The magnetization was measured at 2 K and as sweeping magnetic field parallel to the cleaved surface of single crystals. In the same configuration, the magnetic susceptibility was measured in a magnetic field of 1 T. All transport data were taken using a dc four-probe method with conducting Pt wires. Magnetoresistance and Hall curves were obtained from the perpendicular configuration of the magnetic field perpendicular to the cleaved surface of single crystals. 
